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Abstract

Fifty years of research into the nature of the rad-
iative capture reaction mechanisms is briefly sum-
marized. A variety of such mechanisms is exploited
to explain neutron capture over nine decades of
neutron energy.

I. Introduction

The topic of neutron capture is as old as the discovery of the neutron.
This year marks the 50th anniversary of that discovery, which as we al l know
has profoundly Influenced the course of human history. The purpose of this
review is to offer a brief introduction to the understanding of the reaction
mechanisms for neutron capture, which playa an important and central role in
the variety of applications which this meeting will address. We note that
historically the neutron capture has enriched our understanding of the nuc-
lear many-body probes, and continues to add to that understanding even at
this late stage in the development of nuclear physics. Equally important is
i t s role in applications and i t is worthwhile remarking on the fact that in
few other areas of nuclear physics is the link between fundamental research
and applications so dose .

Radiative neutron capture reactions hi ̂ e been observed in almost every
known stable target nuclide and are often t) i dominant reaction in the energy
region just above particle threshold.

Neutron capture y-tay measurements extend over nine decades of energy,
from cold and thermal neutron fluxes to the d(t,n) reaction near 15 MeV. In
these nine decades of energy (Fig. 1), the capture cross section varies from
well separated resonances with complex configurations, to the unresolved
resonance regions, where giant resonance structures may be found.

Based on the incorporation of photons into basic dispersion theory, Lane
and Lynn [LL 60] recognized three components of the resonance capture cross
section: the compound nucleus (or resonance internal), channel (or resonance



external), and direct capture (hard sphere potential and distant
resonances). The last two components preferentially feed single particle
final states.

Resonant processes can be divided into valence, doorway, and s tat i s t ica l
mechanisms (Fig. 2) . In tha entrance channel configuration, the valence neu-
tron can undergo a radiative transition without perturbing the core. Radia-
tive decay can also occur from the doorway configurations of a resonance,
either by a particle-hole annihilation or by particle transition in the pres-
ence of an excited core. All other decay modes are grouped together under
the heading of s tat i s t ica l interactions.

Average capture cross sections can be calculated from the average reson-
ance parameters or measured directly in low resolution measurements at keV
neutron energies. These quantities play an important role in fast reactor
design and stel lar nucleosynthesis, and exhibit systematic mass dependences
which are markedly affected by odd-even mass numbers and the magic neutron
numbers.

II . Photon Channels

Early reaction theories deal only with particle channels. Lane and
Thomas [LT 58] showed that photons were not identical to particle channels,
and employed perturbation theory, usin^ the weak coupling of nucleons to the
electromagnetic f ie ld .

The radiative transition probability T between a resonance X in state i|>
and final state * i s given by the perturbation theory expression [Hei 34]:

where H'(A) is the electromagnetic perturbation operator written in terms of
the vector potential A, and dp is the density of photon states within the
solid angle dft.

The photon width amplitude is related to the electromagnetic perturba-
tion operator

In R-matrix theory the states <x a r e defined only for the internal
region of configuration space (bounded by the channel radii aj.) so that the
eigenstates X̂  can have a one-to-one correspondence with resonances; never-
theless there is a contribution to the photon width amplitudes from the
external region, r > ac .



The contribution of the external region to the transition probability
must be included in evaluating the width in the equation above. The complete
expression for the collision matrix element includes a sum of resonant and
non-resonant components,

UCY " V W

i
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and U £££HS

* rc = ac

The product of the photon width amplitude and phase factor is expressed as
the sum of internal, open-external and closed-external amplitudes respective-
ly, i.e.,

c+ c+
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These expressions show not only that the radiation width includes contribu-
tions from both open and closed channels in the external region (i.e., chan-
nel capture), but also that the capture amplitude includes a non-resonance
part UHS analogous to the potential scattering contribution to the elastic
scattering amplitude.

In the semi-classical theory of radiation, the perturbation Hamiltonian
can be written in terms of the canonical momenta, "p - eA/c, of the interact-
ing particles. The complete expression for a system of A nucleons, written
in a way so as to suppress the translational mode of the center of mass of
the system, is as follows:
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This operator Is linearized by dropping terms of the order of A , which

Is equivalent to consider the Interaction In terms of a single photon; the
last term above describes the interaction of the intrinsic magnetic moments
of the nucleus. The electromagnetic field Is expanded into its various
multipoles and the multipoles can be divided into two groups.

(a) parity (-)**; these are electric multipole operators (because they
arise mainly from the charge terms);

(b) parity (-)L+*; magnetic multipole operators (because of tbe con-
tribution from the magnetic moments).

The components of the electromagnetic perturbation operator are propor-
tional to irreducible tensor operators denoted by H^M where T denotes the
parity.

Thus the partial radiation amplitude for a photon channel with multipol-
arity LH (in which the photon carries L units of angular momentum and M units
of angular momentum projection on the z axis) is

for the transition from a state X with angular momentum J and Z-projection m
to a final state u with angular momentum J' and projection m1.

In Mtn component HTJJI the general subscript T has to be specialized
to either electric or magnetic radiation according to the parity difference
(-1)L or (-1)L+1 respectively, of the Initial or final state.

In the long wave length approximation (kya « 1), forms of the opera-
tor H^m for El and Ml transitions (for Ey < 10 MeV) are

"i-i" I c k Y J ( W

M - l *> ' L
2M 4TT k



Practical experience has shown that for neutron capture only El and Ml
multipoles are of any importance; only a few E2 transitions have been
observed, and no M2 or other multipole orders have ever been detected.

To carry this discussion further we oust provide some prescription to
evaluate the photon widths. The electromagnetic operator is well known; the
nuclear wave functions are not known, particularly at the excitation energy
required. Nevertheless there are certain simplifying assumptions that can be
made to arrive at width distributions and systematics. Some of these are
discussed below.

III. THE STATISTICAL THEORY

The foundation of the statistical model is expressed in the Bohr condi-
tion [Boh 36] that the lifetime of an excited state is much longer than the
time required for a nucleon to orbit the nucleus. The probability of forming
the excited state Ex in channel c is therefore independent of the probabil-
ity of decay in channel c'.

The reaction cross section is expressed in terms of the collision matrix
0cct which contains the R-matrix expression,

R f

-F

The resonance wave functions X> are considered to be complicated, with
only a small overlap with the channel wave functions, i.e. <X/c>2 - lO"4 to
10" . In the approximation the Y\c can ^ considered as random variable.

The fundamental assumptions of the statistical model are:

(a) Y\c
 an<* TfXc' have random signs such that £x YXc"Uc' " °*

(b) Yxc and YXc* are independent and uncorrelated such that the
linear correlation coefficient is zero, i.e., p(f\c> 1\c') " °«

(c) The strength function for channel c is independent of energy over
the range AE, i.e., 1/AE Ix Y Xc * constant.

Because Yxc is tne coupling amplitude of entrance channel c with the
resonance state at energy Ex, the above assumptions imply that the statis-
tical properties of the exit channel c1 contain no 'memory' of the entrance
channel amplitude.

To evaluate the partial radiative width, under these assumptions, one
can adopt the "black" nucleus picture of Blatt & Weisskopf [BW 52]; for a
spinless particle in a bound S-state, the El transition width to a low-lying
P state is
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where <e> is the effective charge of a particle In a system of particles (for
a neutron <e> - -Z/A e; proton <e> « N/A e) . The photon wave number Is ky
- Ey/fic.

In the s ta t i s t i ca l model the i n i t i a l single particle state is dissolved
among the compound nucleus states over an energy interval corresponding to
the spacing of the single particle states , Ds.

If the radial wave functions are assumed uniform within the nuclear
radius (a) and zero outside, an estimate of the integral above is

J dr r uo(r)ui(r) = 3a/4 ; hence

T - 3/4 <e2> (E^/nc)3 a2<Do>/Dg

for an electric dipole transition of energy Ey to a p-wave single particle
s tate . This width i s further reduced if the p-wave single particle state is
diluted over many low-lying states u. The estimate for I\yp above i s to be
understood as an average value; the actual ^Vy- exhibited by fine structure
resonances will fluctuate about the average. Abundant experimental evidence
confirms the expectations of the s tat i s t i ca l model that this fluctuations i s
adequately described by the Porter-Thomas distribution; i . e . , a chi-square
distribution with one degree of freedom.

The intensity of primary El radiation from thermal neutron capture,
fl(Ey)dEy, in the T~ray energy interval Ey to Ey+dEy, i s obtained
by multiplying 1.70 by the level density of p-wave states , i . e . ,

fl(E )dE - - <e-> (Ev/fic)3 a2 • ~ t n Y dE ,
4 Da p(E th) *

where Do » 1/p (Eth) and E t n is the total energy of the thermal capture
reaction ( i . e . , binding energy), and p(Eth~Ey) i s the level density of
states at the intermediate energy.

The shape of the primary spectrum is dependent on the opposing E y and
p(Eth~Ey) factors. For heivy nuclides a bell-shaped curve is observed,
peaking about 2 to 3 MeV ;nd decreasing rapidly at higher and lower y-ray
energies. These spectra cannot be compared directly with experimental
results because of the presence of secondary and higher order cascade y rays,
as shown in Fig. 3.



The average total radiation width <Ty> of resonances X with spin J is
just the sum of the average partial radiation widths <ryW> to final states
u with spin I,

<rY>(J) - I <rYU>

J+l E

J-ll J°

Cameron [Cam 59] has estimated average radiation widths as a function of mass
number using a shell model form for the final state level density. These
calculations predict the observed peaks in <Xy> in the mass regions just
below magic neutron numbers. Cameron's estimate of mean partial radiation
width as a function of energy, mass number and level density is

<r > - C lO"9 Ey (MeV) A
2 / 3 D (eV)

where C - 0.33.

Average radiation widths compiled by Bird et al. [Bir + 76] for reson-
ances for nuclides from A = 19 to 243 are shown in Fig. 4.

Some broad features of the data are immediately evident. s-wave radia-
tion widths reach maximum values in the 40 _<_ A <̂  70 region (i.e., N =• 20,
28), A * 140 (N - 82) and A => 200 (N - 126). These regions correspond to
peaks of the s-wave neutron strength function and occur when the 3s and 4s
single particle states become unbound. A similar effect occurs for p-wava
radiation widths, in the 2p and 3p mass regions (N = 14, 50).

Clearly nuclear structure effects play an important role in determining
average radiation widths. Level density effects are also important, because
average radiation widths for odd-A target nuclides are substantially less
than those for neighboring odd-N nuclides. However, the odd-A targets have
radiation strength functions <r>/D which are much larger than the even-A tar-
gets. Odd-Z, even-N targets have larger f-ray strength functions and odd-odd
targets have the largest values of all. This is because the radiation widths
vary slowly with irass number, while resonance spacings depend markedly on the
position of the closed neutron shells. Consequently, radiative strength
functions exhibit deep minima at the magic neutron numbers as well as odd-
even effects.

There are large differences between s- and p-wave radiation widths in
the 3s and 3p regions. In the 3s region s-wave widths are on average three
times those observed for p-wave resonances. In the 3p region the situation
is reversed. While large s- and p-wave radiation widths are associated with



peaks In the 3s and 3p neutron strength functions, s-wave widths in the 4s
region are not enhanced. The presence of low-lying single-particle states to
which El transitions can proceed appears to be an important requirement.
These occur just above the magic neutron numbers at N = 20, 28, 50 and 82,
and have negative parity in the 3s and 4s regions and positive parity in the-..
3p region. In the 3s and 4s regions, high energy El transitions from s-wave
resonances will be much stronger than Ml transitions to the same final states
from p-wave resonances. The statistical model will therefore predict in
those cases a significant enhancement of s-wave radiation widths over p-wave
radiation widths tAM 79]. Johnson has shown that the opposite occurs in the
3p region [Joh 79].

IV. Departures from Statistical Capture

As previously noted, the photon collision matrix elements can be separ-
ated into internal and external parts (with respect to the nuclear radius),
and the latter into resonant and non-resonant components, i . e . ,

U - U(internal) + D(external)

U(external) =» U(resonant) + U(non-resonant)

These last terms are respectively called channel (or valence) capture and
direct or potential capture, and represent the non-statistical part of the
capture process in that they are dependent on the single particle strengths

(Ch) - — k 3 ( 2 / a ) 2 9292«e>a/k ) 2
<J, MY^'IIJ >2

9 ' * * K 2JX+1

In resonant channel capture, the partial radiation width is jointly pro-
portional to the single particle strengths of the resonance and final states,
and a manifestation of this effect is the observation of correlations between
the reduced neutron widths (r^\n) and partial radiative widths
p(r£xn>^Au)> and between the reduced partial radiative widths and the
final state spectroscopic factors p(2J+l)9 U

3

Non-Resonant Capture

In the strong coupling model, there is no free motion of the neutron in
the target nucleus. The neutron and radiation amplitudes have random signs,
and the contribution of distant resonances is zero. Background capture
results from hard sphere scattering alone in which the incident neutron is
scattered by the nuclear potential into a bound, single particle final
state. The potential capture cross • section Oyy(HS) barn for an El transi-
tion to final state u i s given by [LL 60]:



(HS) - ^ 2 i • ( - ) • e V ( HI ) \
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where E^ i s the neutron energy in eV, a i s the nuclear radius in fm; y •
kwa and ky i s the neutron wave number for the s ingle particle s ta te bound
by energy Ey, defined above.

p

The hard sphere cross section is proportional to y or E-y. Since this
cross section is proportional to

the dipole matrix element must be proportional to E~ .

Kopecky et al. [SK 74, SK 76] have shown that direct capture occurs in
the 3s region at thermal energies. The final state correlations between the
(n,y) and (d,p) cross sections are greatly improved by the use of an Ey
energy dependence for the radiative strength, rather than the usual E y
factor, when nearby resonances have no influence on the cross section.

In the intermediate coupling model, single particle motion of the inci-
dent neutron is assumed to persist in the nucleus, the single particle effect
is observed in the size resonances of the s- and p-wave neutron strength
functions which occur close to the zero binding of single particle neutron
levels .

In the intermediate coupling model, a contribution to the potential or
non-resonant collision matrix element arises from the tails of distant reson-
ances, i . e . ,

U(P) « U(HS) + U(DR).

The distant resonance component U(DR) is normally zero owing to the ran-
dom nature of the sign and magnitude of the partial radiation width ampli-
tudes, as predicted by the statistical model. But when channel capture is
dominant, the amplitudes can add coherently.

The mass dependence of the non-resonant capture cross section in the 3s
and 4s regions has been obtained from calculations using R-matrix theory with
intermediate coupling [LL 60] and, more recently, using optical and shell
model formulations of the valence model [CM 75, Cug 76]. In the 3s region at
thermal energy, ap peaks at 0.9 barn for A « 52, dropping sharply to zero
at A « 58 and recovering to a second maximum of 0.3 barn at A » 67 (Fig. 6).
A similar pattern is found in the 4s region with peaks at A « 150 and 195,
and a minimum at A » 170. These results were obtained with an imaginary
potential Wo - 3.30 MeV and are sensitive to variations in this quantity.



Examples of nuclides showing potential capture are Te and Xe, as shown
in Fig. 5 [MC 79],

Valence Capture

Fi rs t formulated by Lane and Lynn [LL 60], and demonstrated experiment-
a l ly by Mughabghab et a l . [Mug + 7 1 ] , the valence model describes the change
of s t a t e of the. incident neutron in .he entrance channel by the emission of
dipole radiation in the field of a spectator target .

The par t ia l radiat ive width for an El trarxsi-io* fiom veaon^uae X to
final s ta te u i s given by [Lyn 68]

r

(2J.+1)
A

where fey is the photon wave number, and Hg is the electric dipole
operator D.

The basis functions x can be expanded in terms of radial wave functions
for a sat of single particle • states defined in the spin-orbit coupling
scheme. Neglecting core transitions [Lan 59], the partial valence radiative
width becomes

r j 12 a X
J d r u . r u

2JX+1

where 3 j,B p are the dimensions reduced widths of the resonance and
final state, 8^ • I\n [2kRP£rw]~ ,' where Tw is the Wigner single
particle limit, R the nuclear radius and Pjj, the penetrability; 92

U is the
(d,p) spectroscopic factor; ux,uu are the resonance and final state,
single particle radial wave functions, and <e> is an effective charge equal
to Z/A times the electron charge.

For a zero spin target (Ia • 0), the angular part of the matrix ele-
ment for a transition from the initial state (Jx.j'i1) to the final state
(Jii. i",£") becones

4TT
 W 1-1/2 1/2

The valence model can be formulated in terms of optical model parameters
as f i r s t pointed out by Lane and Mughabghab [LM 74]. Done in this way, the
valence model avoids the problem -I wave function normalization which occurs
for an unbound s t a t e .
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where uy Is the final stati wave function and U^opt) is the optical
model initial state wave function at neutron energy E. The dipole operator
is denoted by D and 5(opt) is the optical model phase shift. Removing the
energy dependence from I\n and explicitly showing the E y dependence, we
obtain

y - q, (E ) • E? • 82 • Z2/A2 • F*
\\\ \\i n Xu \i Xn

where rA^n = r^Pjj/E)"1 eV and the reduced partial valence, width
qxn(EE)(MeV)~ is an energy dependent parameter calculated from the opti-
cal oodel and contains the radial integration and geometrical factors. In
tfhis formulation the energy dependence of the valence capture width is
explicitly introduced with the qj^ factor above.

The valence process is expected to be important when the resonances (or
initial states) have large reduced widths, corresponding to even-even target
nuclides with large level spacings in the regions of the neutron strength
function maxima; and when El transitions can excite final states with large
spectroscopic factors which occur near closed neutron shells.

The reduced partial valence widths (q) and El transitions from reson-
ances with the appropriate (£,J) are calculated at thermal energies for s-,
p- and d-wave capture assuming zero spin targets. These data are given in
graphical form in Fig. 7 as a function of mass number. For non-zero spin
targets, the reduced valence width is given by

q(Io) - (2Jx+l)(2Ju+l) [
 J JX

Since the valence process predominantly arises outside the nuclear rad-
ius, the reduced valence widths are dependent on the variation with energy of
the external part of the initial and final state wave functions. As the
final state becomes more tightly bound, the external part decreases which
results in a decrease in the dipole overlap integral.

The dependence on the final state single particle binding energy has
been investigated by observing the variation of the reduced valence width
with changes in the central potential. A Y~ray dependence of E~1y Is
observed, resulting in an overall E y dependence for valence transitions,
in agreement with the prediction for channel capture.



The experimental confirmation of the marked energy dependence of q pre-
dicted in the 3s and 4s regions is extremely difficult to achieve. A large
energy range is required for nuclides which also exhibit a dominant valence
effect. To date, an adequate check of the theory has been possible in 5ltFe
[All + 77a] where the capture data have been analyzed to 500 keV.

Width Correlations and Doorway States

Several authors have studied the underlying basis of width correlations
in resonance neutron capture. Beer [Bee 69] used a two group expansion of
the resonance wave function to account for the Porter-Thomas distribution of
the reduced neutron widths, the narrow distributions of partial radiative
widths and the correlations between reduced neutron and partial radiative
widths, and between pairs of partial radiative widths. In the case of Tin,
one group of orthogonal basis functions contained the single particle compon-
ent of the neutron resonances, while the other contained a small number of
doorway or collective states.

Beer went on to apply the projection operator formalism [Bee 71], using
the doorway state assumption. The transition matrix is divided up into
direct, semi-direct and compound nucleus terms, and the same doorways con-
tributing to the semi-direct term are also involved in the resonance term.
The partial radiative amplitude is expanded into single particle, doorway and
statistical components and expressions are obtained for the correlation coef-
ficients PI<r°Xn»rXu>» PCrXy.TXu1) an*1 PpO y.^Xn/Ey3);
(pi and pp are the initial and final state width correlations). The
first two correlations are predicted to be unity if the resonance reaction
proceeds through an isolated radiative doorway state.

Soloviev [Sol 74] expands the wave function into few quasi-partide com-
ponents and notes that if these were considered as doorways, then a correla-
tion between channels occurs for common doorways. In strongly deformed nuc-
lides, large correlations should be expected between K-allowed transitions to
the ground and low-lying quasi-partlcle rotational levels.

A detailed treatment of doorway states and correlations has been
developed by Lane [Lan 71]. Because of space limitations, we will not dis-
cuss that treatment here. Suffice it to say that large and symmetric initial
and final state correlations are expected in the case of a single doorway
with two-quasipartide character. If the doorway has a particle-vibration
character, the final state correlations will be reduced. When several over-
lapping doorways are present, Pi is reduced by 1/n, where n is the number
of doorways, but in the case of twoquasiparticle doorways, the final state
correlations will remain large.

V. AVERAGED CAPTURE CROSS SECTIONS AND WIDTHS

Many capture cross section measurements do not have sufficient resolu-
tion to resolve individual resonances, and instead provide data on the cap-
ture cross section averaged over a finite energy range. It is of interest to
observe the energy and mass dependence of average capture cross sections to
obtain further information on the neutron capture mechanism, and to provide



data needed for reactor and astrophyslcal calculations. The average cross
section can be fitted by a formalism using average parameters for s-, p- and
d-wave resonances, obtained from high resolution measurements, and by taking
into account competition with inelastic neutron scattering when this is ener-
getically possible. Consequently, hijh resolution and average capture
measurements provide complementary data.

The role of fission products in the burnup of reactors is of great
interest and, particularly for fast reactors, it is important to have system-
atic capture cross section data available. Where no such measurements exist,
theoretical or semi-empirical estimates can be made; these must be extrapo-
lated from existing data.

Summing over J and I, the average capture cross section can be written
in the form:

2,2 j=|i+i/2| <r.T/v,>
a(E) = J * • ' I ' I (2J+1) XJ(Y)

( | / j(21+1) j-|l-l-/2j J <DXJ>

y I XJ(nZj) XJ

<rxj>/<Dxj>

when r » r , r - r. ,
n XY n X '

o(E) « TT (2J+1) ST (E)

where SjY(E) = <rXJ(Y)>/<DXJ> i s t h e radiative strength function for
spin state J.

Where the symbols have their usual meanings and S is the fluctuation
factor which is introduced to account for the correlation between partial and
total widths when averaging the single-level Breit Wigner formula [LL 57].

The partial and total capture cross sections expected for an even target
are shown in Fig. 8. The s-wave cross section varies as X , (i.e., 1/E) and
the X > 0 cross sections Increase with increasing penetrability at higher
energies. Competition with higher order I waves and the decrease in X2 lead
to a decrease in the cross sections.

The observation of s- and p-wave size resonances reveals that single particle
motion continues in the compound nucleus resonances. The definition of a
Y-ray or photon strength function is most useful in investigating the role of
single particle and giant dipole resonance models and other reaction mechan-
isms. Unlike the neutron case, there are a number of photon strength



functions defined In the literature.' Bartholomew and co-workers [Bar + 73]
defined the y-ta.y strength function, In analogy to the neutron strength
function, to be

D.
A

This function is directly related [Lon 79] to the reduced transition proba-
bility defined by Bohr and Mottelson [BM 69]

B(E1) = T B(E1)+ » 0.956 x 106 f_. (E ) [e2fm2MeV1 ]
tSX Y

B(M1) = T B(M1)+ = 8.63 x 107 f„_ (E ) [efi/2Mc)2 MeV"1]
A=l MeV ^ Y

B(E2) - I B(E2)+ = 1.25 x 10 i 2 f ,(E
A-l MeV Y

Blatt and Weisskopf [BW 52] assume a uniform distribution of single
particle configurations to obtain these estimates.

r\Yu(El) - 6.8 x 10~8 E3 A 2 / 3 D.D"1

Y A

rAYy(Ml) - 2.1 x 10-8 E3 D.D"1

rAyu(E2) - 5.9 x 10-11+ E 5 A 4 / 3 D ^ " 1 ,

where ry, D^ are in eV, Ey, D are in MeV. It is assumed that ttui
single particle strength is fragmented such that Tj/D^ • r8p/Dgp.
The single particle level spacing D was estimated at "0.5 MeV by Blatt and
tfeisskopf, but observations require this to be much larger, «20 MeV.
Bartholomew [Bar 61] used these estimates to define the dipole reduced widths
and the following expression for photon strengths have been in common use
since then:



It was recognized by Axel [Axe 62] that the El giant resonance results
in a redistribution of radiative strength in nuclei, and that a proper formu-
lation of reduced widths should reflect that redistr. bution. An expression
for the radiative strength function is readily developed from the Lorentzian
expression for the photoabsorption cross section:

V W _4 NZe2 1-K).8x W '
<D>(J ) 3TT A * C M C 2 (S2-E2)2+r_E2)2

u Y vi u

and the much quoted Axel approximation, evaluated at Ey a7 MeV, is

r 5 8/3 r
JtH (*7 MeV.J ) - 2,2 x 10~5 ( _ L _ ) ( -A. ) ( _ i _ ) .

D u 7 MeV 100 5 MeV

The commonly stated Brink hypothesis [Bri 55] is that the Y~ray strength
function for excited states is similar to that for the ground state. Thus
the expression for the radiative strength valid only for ground state transi-
tions is presumed by the hypothesis to be applicable also to transitions to
excited states of the nucleus. The Axel expression is correspondingly used
to produce the following form for the El photon strength function,

s(Ei) -

<S(E1)> '• 6.1 x KT15 MeV"5 .

The Weisskopf single particle model (SPM) predicts an A2/3 dependence
and the Axel GDR parameterization an A /̂3 dependence of the El strength
function. A compilation of the dependence of El strengths has been presented
by McCullagh, Stelts and Chrien [MSC 79]. Results from (n,y), (y,n) and
(Y>Y() measurements on discrete resonances were examined for about 50 data
sets , with reuormalization of some results to more recent values of absolute
partial widths. The El A-dependence is compared to the predictions of the
SPM and GDR. Results for the latter are shown in Fig. 10 where the solid and
dashed lines indicate the unweighted average value and the Axel GDR predic-
tion. (Note (YtY*) data are not included in the average because of their
poor stat ist ical accuracy.) Errors reflect the number of transitions con-
tributing to each datum point.



The average ratio of observed and GDR strength functions is 0.69 ±0.06,
indicating that the GDR calculation overestimates the experimental data by
about 30%.

Measurements of the energy dependence of the El^strength function in the-
threshold region indicate that intermediate structure is superimposed on the
tail of the giant electric dipole resonance (GDR). Data from (r,y), <Y,n)
and CYjTj reactions are shown in Fig. 11 for the compound nuclides NatTl,
20i*,2W,Z06T1 [ E a r + ?6j a n d 198^ [L(jn ?9j ̂  w i t h r e 8 p e c t £ o th e GDR

extrapolation (dashed curve) a surplus of El strength is observed in Tl at
5 to 6 MeV. A maximum occurs in Tl at the same energy, but with a marked
deficit at lower energies. For 198Au, the strength function also peaks at 5
to 6 MeV, bvt in general the El strength function is well below the GDR
extrapolation.

The structure at 5 to 6 MeV has been studied extensively and there is
widespread support for its existence [Bar + 73]. It appears in (d,py) and
. (n,y) experiments in the 180 < A < 205 mass region (Fig. 12, for N - 82
nuclides (139La, 141Pr) [AM 79], and in the 120 < A < 134 mass region [Sta
64], at thermal,' keV and MeV neutron energies. Its primary nature has been
confirmed in many instances by observation of the shift in y-ray energy with
incident neutron energy in the keV region. In spite of this, the gross
structure remains independent of energy over several MeV. The fine structure
comprising the anomalous bump has also been observed with high resolution
Ge(Li) detectors [Ear + 72] in Tl. The interpretation of this effect has
been related to p-h components which have escaped elevation into the GDR.
The structure is not, however, observed in inelastic neutron scattering
experiments [Ber + 66] when the y-ray spectrum is basically statistical in
character.

The situation for Ml giant resonance influences on the observed Ml
strengths in nuclei is far from clear, both experimentally and theoretically.

For nuclides in the 100 < A < 180 region, the averaged resonance "y-ray
data [Bol 73] exhibit an energy dependence for Ml transitions which is simi-
lar to the E Y observed in the same mass range for El transitions. The
ratio of average El and Ml radiation widths is found to be independent of
mass number with an average value <rEi>/<rm> - 7 ± 1 for 110 < A < 240.
There is no theoretical explanation for this observation.

Kopecky [Kop 79] has extended the ratio data down to A • 20, using ther-
mal data where non-statistical capture mechanisms may occur. These data are
shown is Fig. 13 with errors derived from the Porter-Thoaas statistics. The
three dashed curves Indicate the expected A dependences for the Weisskopf or
single particle model (SPM); the SPM but using the empirical constants k(El)
=* 3 x 10 , k(Ml) - 20 x 10"9; and the El Axel prediction divided by the
single particle value for Ml (GDR).

IV. Fast Neutron Capture

For capture in the energy region above 1 MeV, the cross sections extrap-
olated from lower energies or the basis of the compound-nucleus statistical



model are Inadequate to explain the experimental data. The importance of
direct excitations relative to compound nucleus formation becomes more and
more important with increasing neutron energy. The best example is direct
capture of a neutron into a single-particle orbit. We describe it as a one-
step reaction leaving the other nucleons unperturbed. Another example is the_
direct excitation of the giant dipole state caused by the incident neutron,
which at the same time is • inelastically scattered into a bound single-
particle orbit. In the next step, the giant dipole state may deexcite by the
emission of y-rays. This reaction is called "semidirect". It turns out that
direct and semidirect reactions play a dominating role at neutron energies
higher than about 5 MeV.

The direct-semldirect and the compound nucleus models represent the
extremes on the reaction-time scale. Nevertheless, with proper choice of
parameters the models provide a reasonable description of the experimental
data. We shall first discuss the direct-semidirect aodel in some detail.

The driving force for polarizing the nucleus into a collective dipole
vibration is provided by the symmetry potential, which expresses the fact
Chat the force between neutron protons is, on the average, somewhat stronger
than that between neutrcn and neutrons. Lane [Lan 62] has written the nuc-
lear potential as,

V + XL t . 1
3 A

where t is the nucleon isospin and T^-i the isospin of the rest of the nuc-
leus. The first term is the usual central potential and the second Is refer-
red to as the symmetry or isospin term. Vo and Vi are the depths of the
potentials which often are assumed to have the same radial dependence (Woods-
Saxon form).

In the case where the nucleus is in the ground state, "t • T^-l can be
replaced by 1/2 tz (N-Z) and one gets

V - V + I t — V,
° Z 1

The size of V^ can be inferred from the symmetry energy term in the
semi-empirical mass formula, and it is approximately 100 MeV. For a heavy
nucleus like Pb, the size of the polarizing term in the potential is about
1/11(44)100 » 5 MeV.

To see the effect of the symmetry potential, let us consider nucleon
capture. The nuclaon, in addition to the (isoscalar) potential Vo, is
subject to a potential NVi/4A from the N target neutrons and ZVx/4A from the
Z protons and these potentials have opposite signs. An incident neutron, for
example, will by the action of the symmetry potential repel the N neutrons



and attract the Z protons. Hence, there will be a polarizing force between
the neutrons and the protons of the target nucleus as the incident nucleon
approaches the nucleus. The force is parallel to the force on the incident
nucleon.

In nucleon capture, the symmetry potential i s responsible for exciting
simple, collective modes' of motion in which the neutrons and protons move in
opposite phases. The most important of these isovector (T=l) motions is the
giant dipole resonance.

The Direct-Semidirect Cross Section

The symmetric force, in terms of the hydrodynamical model considered
here, causes the neutron and proton spheres to separate, with a restoring
force governed by the symmetry potential (Fig. 14}.

The cross section is proportional due to square of the radiative ampli-
tude,

where the term la parenthesis represents the enhancement of the radiative
amplitude due to target polarization.

The magnitude of C/x*n can be estimated using the classical equations
for a forced harmonic oscillator driven by the force between the incident
neutron and the nucleus, and the restoring force due to the symmetry force.
One must include a damping term which describes the function between the
oscillating spheres. The result i s

T • — ** / i _ " w /m

S^-E2 - IE T

where EJJ is the giant dipole resonance energy, T the dipole width, and k a
coupling constant. The constant can be evaluated from considering the
spacing between single particle levels , Eo, and the u&ctron-proton residual
interaction. The results are

E -E
5T. (1 -



and finally, since the cross section is proportional to the square of the
amplitude,

3
d s d - a d | l - AE

W 1 1 7 2

where 'AE = EQ - E o .

o n R 9 n Q

To illustrate the results let us consider the reaction Pb(n,y) Pb,
i . e . with the 2go,/2 ground state as the final state. The parameters of the
giant dipole resonance, ED = 13.42 MeV, T - 4.05 MeV, are taken from exper-
imental data. The neutron binding energy is 3.94 MeV. The results in Fig.
15 show not only the direct-semidirect cross section, adsd , but also the
part which is due to the polarization charge. The latter is referred to as
the semldirect cross 3ection, asd» We notice that asd exhibits a symmet-
ric resonance shape. On the other hand o d s d is asymmetric around the
resonance energy, E^ » 9.5 MeV. The asymmetry arises because the direct
and semidirect amplitudes, rather than cross sections, are added. The abso-
lute square of the amplitudes contains a cross term which subtracts (destruc-
tive interference) from the quantity asd + o d s d below the giant dipole
resonance. Above the peak of the resonance the interference is constructive.

The derivation outlined above is carried out using a classical approach,
but also may be derived quantum-mechanically, as shown by Brown [Bro 64].
The results may be modified to include the isospin splitting of the giant
resonance [AF 71, FG 70], and may be extended to deformed nuclei [BJ 72].

More discussion is appropriate to the role of the coupling constant
which multiplies the semi-direct component of the DSD cross section.
In the classical derivation of the semidirect cross section we found that the
incident neutron, by the action of the symmetry potential, forces a separa-
tion of the target neutrons from the protons. Moreover, we adopted the
Goldhaber-Teller model to picture the giant dipole resonance as an oscil la-
tion of neutron and proton spheres against each other. If we let Ui(r)
denote the symmetry potential, then this model leads to a coupling which is
proportional to dUx(r)/dr [CLR 65, Sat 72]. Alternatively, if one adopts the
Jensen-Steinwedel model to describe the dipole resonance, one obtains a coup-
ling function proportional to rUi(r) [Sat 72, LS 72, Pot 73]. A microscopic
derivation of the semidirect cross section [Zim 70] results in a coupling in
which the dominating term also is of volume form, rU^(r).

The symmetry potential, Ui(r), must in the general case be assumed to be
complex [Sat 71] even though the understanding of the Imaginary term is not
as obvious as for the central (spin and isospin independent) optical poten-
t i a l , Uo. The radial dependence of U^r) is uncertain. Usually i t is
assumed that the real part has the same form as the central real potential
but i t has been suggested [TS 63, Sat 72] that the potential may be peaked at
the nuclear surface.



In the model employed by Potokar [Pot 73], the symmetry potential is
assumed to be

Di(r) - Vif(r) - i Wi 4a df(r)/dr

where V], and Wj are the depths or che real and imaginary parts of the poten-
tial. The Woods-Saxon form

f (r) - (1 - exp

is usually taken to be the same for the real and imaginary terms, for simpli-
city. In the general case one should assume a different form for the imagin-
ary term.

Giant resonances are highly collective modes of excitation which can be
described in simple models like the hydrodynamical model. The giant dipole
mode is only one form of oscillation that can occur in a nucleus. Another
form which is well established is the quadrupole oscillation where the shape
of the nucleus oscillates from prolate tc oblate. Still higher order forms
of nuclear shape oscillations are octupole and hevcadecapole. The lowest
form, which is of particular interest with regard to the nuclear compressi-
bility, is the monopole oscillation described as a "breathing" mode.

The direct-semidirect model has been extended to include the excitation
of other giant multipole resonances by applying the same formalism as for El
transitions. The results of calculations for various multipoles [Pot 76, SLG
78, SG 78, SFG 79] indicate that the effect of the quadrupole resonance would
be appreciable in the angular distribution of the Y rays. The interference
between radiation of opposite parity, in this case E1-E2, causes a fore-aft
asymmetry which is expected to be very large near the isovector E2 resonance
predicted at EQ a 120 A~^/3 Mgv. (The isovector mode is characterized by
an oscillation of neutrons and protons in opposite phases.) The asymmetry
should also be observable near the isoscalar (when neutrons and protons move
in phase) E2 resonance at EQ •» 63 A"3-/3 MeV.

The experimental studies to search for the giant multipole resonances
and to explore their properties involve many different kinds of reactions.
Neutron capture reactions may also be used in these studies, particularly
when polarized neutron sources are available, and the spin-depend effects may
be investigated.

Experimental Results

Experiments on fast neutron capture include measurements of y-raj spec-
tra, partial cross sections for Y rays to individual states, angular distri-
butions of Y rays and total capture cross sections by the activation method.



The measurements cover a neutron energy range up to about 15 MeV. Extension
to still higher energies is in progress.

The measurements of Y~ray spectra offer an attractive possibility to
gain insight into capture reaction processes. For example, one of the char-~
acteristics of a direct-semidirect reaction is that y-vsy transitions take
place to single-particle states; e.g. the intensity of the Y ray is propor-
tional to the spectroscopic factor. Compound-nucleus processes, at the other
extreme, are non-selective. The resulting y-ray spectra rather reflect the
energy dependence of the total density of levels.

208
Three of the partial cross sections for neutron capture in Pb are

shown in fig. 16, namely for the gg/2 ground state, the in/2 first
excited state and the g7/2 + ^5/2 8tat'iS at 2.49 and 2.54 MeV, respec-
tively [Ber 72]. All of them exhibit the resonance structure predicted by
the directsemidirect model. It was noted in the preceding section that the
cross section for ground state Y rays in Pb would be expected to have its
maximum at EQ = 9.5 MeV. The cross section for capture into each of the
other single-particle states should peak at a neutron energy shifted upwards
oy the excitation energy of the state. Thus, we would expect the maximum
cross-section for the in/2 state to occur at En • 10.3 MeV and for the
87/2 + ^3/2 states at E n = 12.0 MeV. The results are compatible with
the Brink hypothesis [Bri 55] which prescribes that a giant dipole resonance
is built on each excited state and that it has the same shape and magnitude
as the one built on the ground state. The present results show that this is
valid for the neutron single-particle states in Pb.

20 8
Comparison with theoretical predictions for neutron capture by Pb was

first made with a surface-peaked coupling function [CLR 65]. We show in
fig. 15 the direct-semidirect cross section obtained with this coupling
function and a strength Vj » 160 MeV of the symmetry potential (solid
curves). Despite the rather high strength value, the calculated cross sec-
tions are too low and, furthermore, there is a disturbing discrepancy in the
neutron energy dependences. A much better description of the data Is
obtained with a complex coupling function. The results (dashed curves) are
taken from a calculation [Pot 73] with Vx = 70 MeV and Wx » 140 MeV.

The importance of direct and semidirect reactions in other nuclei can be
estimated from fig. 17, which displays the partial cross sections for ground
state y rays in several nuclei (in the cases of S and Y also the first
excited states are Included in the cross sections). The results show that
semidirect reactions are prominent in nuclei down to calcium. However, the
contribution of direct-semidirect reactions in silicon is expected to be low
in comparison with other reactions. It is obvious from the figure that
compound nucleus reactions may play a significant role in sulfur and
silicon. In these nuclei one should .also expect structure due to reactions
through single-particle doorway states [MC 78].

The success of the complex coupling model in describing the energy
variation of the partial cross section is clear trou* the above figures, but
the large imaginary potential, from 100 to 150 MsV required to fit the data
is worthy of special mention.



The real coupling results in an interference between the direct and
semidirect amplitudes which is destructive on the low-energy side of the
giant resonance and constructive on thfi high-energy side. The effect of the
imaginary term of the complex coupling is to restore the more symmetric
resonance shape of the cross section. The problem is that the theoretical-
cross section, obtained with the large Wj-values, is dominated by the imagin-
ary part of the coupling [Ber + 7 8 ] .

The physical interpretation of the imaginary part of the coupling is
that it describes the indirect excitation of the giant dipole resonance
through more complicated reaction sequences than the polarization effect
accounted for by the real term. These reaction sequences are probably typi-
cal only for capture reactions and, hence, the W^-values applicable to these
reactions may be quite different from those derived from other reactions. It
is surprising that indirect excitations seam to dominate the scene for heavy
nuclei. At present, it is an open question whether the large W^-values
reflect deficiencies in the direct-semidirect model or contributions from
other reaction modes for the excitation of the giant dipole resonance.
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Fig. 1 Neutron capture research over nine orders of magnitude. Thermal,
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Fig. 2 Schematic representation of non-resonant and resonant neutron cap-
ture. Two-body interactions excite valence doorway and higher
order particle-hole configurations. Radiative decay can occur from
all components of the long-lived resonance state.
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Fig. 3 Thermal capture y~ray spectrum in Sm. The magnetic spectrometer
can resolve only the high energy primary transitions and low energy
cascade transitions. Note the ordinate is the energy weighted
intensity V ( E Y ) « E Y [Gro + 5 9 ] .
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are shown [MC 79].
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Fig. 7 Reduced valence widths (lO^q) for El transitions between s, p, d
and f-wave single particle states . The largest values occur for s
* P3/2 and p + 8 l / 2 transitions [AM 78].
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are shown [CLS 63].
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Fig. 14 Schematic representation of the target polarization due to an
incident neutron.

dsd

Fig. 15 Predicted shapes for the semidirect, o s d, and direct-semi -
direct, ,adsd, cross sections of 208Pb(n,Y)209Pb.
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Fig. 16 Snqss a e c t i o n s ^ o r Y~ray transitions to single-particle states of
Pb. The curves are direct-semidirect cross sections calculated

with a surface-peaked (solid lines) and with a complex coupling
function (dashed lines) [Pot 73],
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Fig. 17 Experimental and theoretical (n,Yo) cross sections—or (n.Yo+Yl)*
cross sections for S and Y—in the giant resonance region.
The f i l led and open circles represent experimental results
obtained at Los Alamos and Uppsala, respectively. The curves
show the results of theoretical calculations with the direct-
semidirect (DSD) and the compound nucleus (CN) models.


